A subtilisin excreted by the Antarctic Bacillus TA39 has been purified to homogeneity and characterised. Two independent genes subt1 and subt2 are present but only subt1 is expressed significantly in the culture medium. The enzyme displays the usual characteristics of cold enzymes i.e. a high catalytic efficiency at low and moderate temperatures and an increased thermosensitivity originating from a 3D structure probably more flexible than its mesophilic counterpart. This is corroborated by the analysis of the computerized structure which shows a significant decrease in the number and strength of intramolecular weak bonds such as salt bridges and aromatic interactions. The affinity for calcium is also almost three orders of magnitude lower than that of mesophilic subtilisin and the interactions with the solvent are significantly higher thanks to a large increase in the number of Asp residues in the loops connecting secondary structures. The relation between flexibility and activity was investigated by site-directed mutagenesis tending mainly to increase the rigidity of the molecular edifice through the incorporation of additional salt bridge, disulfide bridge, aromatic interaction and by increasing the affinity of the enzyme for calcium. An important stabilization of the molecular structure was achieved through a modification of a calcium ligand T85D. The thermostability of the mutated product expressed in a mesophilic Bacillus reaches that of mesophilic subtilisin. Most important is the fact that this mutation further enhances the specific activity by a factor close to 2 when compared to the wild type enzyme so that the overall activity of the mutated cold enzyme is about 20 times higher than that of mesophilic subtilisin, illustrating the fact that thermostability is not systematically inversely related to specific activity. This opens new perspectives in the use of cold enzymes in biotechnology.
Introduction
Subtilisin, an alkaline protease notably secreted by a large variety of Bacillus species, has been extensively studied and engineered in order to improve both its stability and catalytic properties (Wells and Estell, 1988; Pantoliano et al., 1989; Siezen et al., 1991) . Its surface behaviour has also been investigated in order to understand the adsorption process of the enzyme to various surfaces and to limit the enzyme degradation by autolysis (Brode et al., 1994; Egmond et al., 1994) . The refined three dimensional structures of subtilisin BPNЈ (Bott et al., 1988) , subtilisin Carlsberg (Bode et al., 1987; Neidhard and Petsko, 1988) , savinase (Betzel et al., 1992) and thermitase (Gros et al., 1991) are available along with the three dimensional structure of a complex between the prodomain and a calcium-free subtilisin mutant which has clarified the role of the prodomain as a helper in the folding process (Wang et al., 1995) . The structure-stability relationship has also been approached through the comparison of the refined structures of subtilisins from mesophilic and thermophilic microorganisms with a computerized model of a psychrophilic subtilisin produced by an Antarctic Bacillus (Davail et al., 1994) . The molecular adaptation of this subtilisin to a cold environment, illustrated by a very high specific activity at low and moderate temperatures and a reduced thermostability, was regarded as part of a continuum in the strategy of adaptation to temperature tending to decrease the intramolecular cohesion of enzymes from thermophiles to psychrophiles by a progressive weakening of intramolecular interactions also implicating a decrease in the relative affinity of the enzyme for Ca 2ϩ .
Although somewhat hypothetical in the absence of any refined crystallographic structure, the conclusions drawn from the study on cold subtilisin have been corroborated by structural data obtained from the computerized structure of a cold α-amylase produced by a Gram -Antarctic bacteria and recently crystallized (Aghajari et al., 1996) .
In order to investigate further the adaptation of cold enzymes to low temperatures, it seemed appropriate to develop a programme of site-directed mutagenesis applied to a new cold subtilisin displaying molecular properties close to that of subtilisin S41 (Davail et al., 1994) . Five mutants of the wild type enzyme were produced in a mesophilic Bacillus strain. They were mainly selected to improve the stability of the cold enzyme and to study the effect of the stabilization on the specific activity.
Material and methods

Purification of subtilisin S39
The Antarctic Bacillus strain TA39 was isolated from sea water in the coastal area of the French Antarctic base J.S. Dumont d'Urville (60°40Ј S; 40°01Ј E). It was grown at 8°C for 6 days in a LH2000 fermentor (10 l), loaded with 15 g/l marine broth (Difco), 5 g/l bactopeptone and 1 g/l yeast extract. The cells were harvested by continuous centrifugation at 22 000 g (Beckmann JCF-Z) and 20 g/l of wet phenylSepharose CL-4B were added to the supernatant. The mixture was gently stirred for 15 min. The suspension was filtered through a Buchner funnel and the support washed extensively with buffer (50 mM Tris-HCl, 2 mM CaCl 2 , pH 7.5). Desorption was achieved by five successive washings with 3 volumes of the Tris-Ca 2ϩ buffer containing 30% (v/v) isopropanol. 10 g/l of bacitracin-Sepharose was then added to the solution (Van Noort et al., 1991) . After having been stirred for 15 min, the gel was washed with Tris-Ca 2ϩ -isopropanol buffer. When necessary, aliquots of the gel were eventually poured into columns and the fixed subtilisin was eluted with Tris-Ca 2ϩ -isopropanol buffer made 1 M in NaCl.
Enzyme assay
Proteolytic activity was measured as already described (Davail et al., 1994) using the synthetic substrates N-succinyl-F-A-A-Fp-nitroanilide (F-A-A-F) and N-succinyl-AAPF-p-nitroanilide (AAPF). One unit activity corresponds to ∆A 410 nm/min ϭ 1 in the conditions of the test. The assay using azocasein as a macromolecular non-specific substrate was carried out at 25°C for 15 min in a reaction mixture containing 250 µl of 50 mM Tris-HCl, 1 mM CaCl 2 , 200 mM NaCl, pH 8.5, 100 ml of 3% (v/v) azocasein in the buffer and 150 µl of enzyme solution. The reaction was stopped by addition of 500 µl 10% trichloroacetic acid. The absorbance of the pH solution was measured at 366 nm. In these conditions one unit activity is equivalent to A 366 nm ϭ 1.
Analytical procedures
Protein concentrations were measured using the bicinchoninic acid method (Pierce). For the purified enzymes, the following extinction coefficients at 280 nm were used: subtilisin Carlsberg, 23740 M -1 cm -1 ; subtilisin BPNЈ, 24290 M -1 cm -1 ; Antarctic subtilisin S39, 59810 M -1 cm -1 , (calculated from this work).
Calcium bound to subtilisin S39 was measured using a Perkin-Elmer 370 A atomic absorption spectrophotometer.
Activation kinetics by calcium titration was performed in 50 mM Tris buffer containing 1 mM EGTA and 1 mM AAPF as substrate. The required free Ca 2ϩ concentration was fixed by the addition of CaCl 2 according to the programme developed by Robertson et al. (1982) .
Sulphydryl groups were determined as described (Habeeb, 1973) . The influence on the stability of the disulfide bridge found in subtilisin S39 was studied by measurement of the residual activity after incubation of the enzyme at 45°C in the presence and absence of 5 mM dithiothreitol.
N-terminal amino acid sequencing was carried out using an Applied Biosystem sequencer Procise fitted with two cells. Cterminal amino acid sequencing was achieved using carboxypeptidase Y and the method of Klemn (1984) . The liberated amino acids were identified using an amino acid analyser Beckman Gold equipped with a Beckman polystyrene sulfonic column Spherogel (0.3ϫ25 cm) and the ninhydrin detection. SDS-PAGE and isoelectrofocusing were run as described by Hoefer Scientific Instruments.
The enzymatic specificity was tested on the S-sulfoderivative of the B-chain of insulin digested with the cold subtilisin (0.02% w/v) as a function of time. The liberated peptides were submitted to Edman degradation in order to identify the new N-terminal amino acids Gene cloning and sequencing All general techniques used were described by Sambrook et al. (1989) . The restriction, ligation and (de)phosphorylation enzymes were supplied by Gibco-BRL and Boehringer. The polymerases were provided by Eurogentec (Belgium).
Genomic DNA was extracted from the pellet of a 100 ml culture of Bacillus TA 39 in exponential phase using the method of Marmur (1961) . It was partially digested with Sau3AI and the digest was fractionated by ultracentrifugation at 195 000 g, 17 h at 20°C on a CsCl 2 isopycnic gradient containing 100 µg/ml ethidium bromide.
The 2.5-6.5 kb fragments were ligated in plasmid pSP73 previously digested with BamHI and dephosphorylated at its 5Ј end. The plasmid pSP73 is directly derived from pBR322 (Promega, USA). It displays an oligonucleotides sequence of 2464 bp (GenBank: EMBL accession number X65333). The E.coli RRI cells were transformed by electroporation (Sambrook, et al., 1989) . The detection of clones was carried out by following the expression of the protease after growth of the transformants at 25°C in Petri dishes containing 0.2% (w/v) yeast extract (Difco); 1% (w/v) bactotryptone (Difco); 1% (w/v) NaCl; 2 mM CaCl 2 ; 0.5% (w/v) casein (Sigma) and 1.5% (w/v) bactoagar, pH 7.0. 9000 clones were investigated, only one appears positive after 48 h incubation showing a clear proteolytic halo around the colony.
The nucleotide sequence was obtained from the DNA fragments containing the subtilisin gene and its restriction fragments subcloned in the polylinker of pGEM3ZF (ϩ) and (-)(pGEM single strand system, Promega). Plasmid containing the different fragments were introduced into E.coli JM109. Single-strand DNA was obtained by infecting cells with phage M13K07. All nucleotide sequences were determined manually using the method of Sanger (Watson et al., 1983) and the enzyme sequenase (U.S. Biochemical Corp.).
Expression in Bacillus and site-directed mutagenesis
The gene subt1 complete with its own promoter and peptide signal sequence was inserted into a pUC20/pUB110 based shuttle plasmid (pUC20 was used to construct a second vector using the replicon of pUB110) (McKenzie et al., 1986 (McKenzie et al., , 1987 . Competent B.subtilis IH6140 cells (gift of Dr K. RunebergNyman, National Public Health Institute, Finland) were then transformed and grown at 18°C for 92 h in TYP medium (Difco) containing 30 mg/l kanamycin. Mutated genes were obtained by polymerase chain reaction according to a method derived from that of Jones et al. (1990) using the thermostable polymerase from Thermococcus littoralis (New England Biolabs) giving blunt ends (Mattila et al., 1991) and allowing plasmid recircularization by simple ligation. The expression of the mutated genes were also obtained in B.subtilis IH6140 grown as above in kanamycin containing TYP medium.
The oligonucleotides synthesized to introduce the five mutations were the following:
The hybridization temperatures were estimated from the software 'Oligo'. In each case, 30 cycles were carried out including each 1 min exposure at 94°C, 1 min hybridization time at the selected temperature and 1 min elongation time per 1000 bp for polymerization. The mutations designed to introduce the additional disulfide bridge have never given rise to an active enzyme. 
Molecular modelling of subtilisin S39
The 3D model of subtilisin S39 was built as already described for subtilisin S41 (Davail et al., 1994) from the atomic coordinates of subtilisin BPNЈ obtained from the Brookhaven Protein Database (Code 2SNI) taking advantage of the high percentage (52%) of identical amino acid residues in the two sequences. Atomic coordinates of subtilisin Carlsberg (1 CSE, Bode et al., 1987) and thermitase (1 TEC, Gros et al., 1989) were also used.
Structure comparisons were made using the programme FRODO (Jones, 1978) on a Evans and Sutherland PS330 system. Amino acid substitutions were generated in the low energy conformation. Bad contacts were corrected according to the superimposed models.
Results
Bacterial growth and protease secretion
This was followed at 4 and 25°C. At 25°C, the production of cells at the stationary phase is half that obtained at 4°C ( Figure  1 ) whereas the protease secretion hardly reaches one third of that recorded at 4°C. After a lag phase of about 20 h, the doubling time at 4°C during the exponential growth is 9 h compared with 2 h at 25°C.
Subtilisin purification Wild type
After elution from the bacitracin-Sepharose gel, about 65% of the initial proteolytic activity corresponding to 13 mg/l of enzyme, was recovered. As judged by SDS gel electrophoresis and isoelectrofocalization, the protein is pure and displays a specific activity of 1425 U/mg towards the synthetic substrate suc-AAPF-pNA. No trace of the expression product of subt2 was found. Indeed, due to its much lower surface hydrophobicity the protease from subt2 displays a drastically different behaviour on phenyl Sepharose (Davail et al., 1994) . Mutants The mutants A181K-S210E, H121W, N136S and T85D were essentially purified from culture supernatants of transformed Bacillus subtilis IH6140 using the procedure described above. The productions amounted approximately to 20 mg/l. For reasons which will be explained later, it was not possible to isolate the mutant carrying the additional disulfide bridge R68C/D106C. 
Molecular characterization, specificity and calcium binding
On SDS-PAGE, the molecular mass of the enzyme is 34 000 showing the usual atypical migration of subtilisins (Wells et al., 1983) . Nevertheless it corresponds to a molecular mass significantly higher than those of the mesophilic subtilisins. The isoelectric point of the native enzyme is 5.5Ϯ0.1, a value much lower than that of the usual subtilisins (pI 9-11) (Betzel et al., 1992) but close to the isoelectric point of subtilisin S41 (Davail et al., 1994) . The calculated molar extinction coefficient at 280 nm, derived from the tyrosine and tryptophan content, is 59810 M -1 cm -1 , a figure twice as high as the extinction coefficient measured for subtilisin Carlsberg (Landon et al., 1968) . Atomic absorption measurements carried out on the diisopropyl fluorophosphate inhibited enzyme show a calcium content close to 2 per mole of enzyme. On the other hand, the activity curve resulting from the calcium titration of the inactive calcium free form, shows a marked transition in the µ molar range enabling the calculation from the Hill equation of an apparent dissociation constant K d ϭ 10 -6 M ( Figure 2 ). Full activity is restored for a stoichiometry of 1:1 corresponding to the occupancy of the high affinity calcium binding site (Bryan et al., 1992) . The process of activation-inactivation with calcium is fully reversible. The wild type enzyme contains one disulfide bridge since two sulphydryl groups can be titrated with 5,5Ј dithiobis-2 nitrobenzoïc acid only after reduction of the protein with sodium borohydride in 8 M urea (Habeeb, 1973) . Three major sites of cleavage were revealed by digestion of the S-sulfoderivative of the B-chain of insulin: Leu15-Thr16, Gln4-His5 and Phe1-Val2. The first two sites are usual cleavage points observed with other subtilisins (Zwilling and Neurath, 1981) .
Secondary cleavage also occurs at the following sites: Ser9-His10, Cys(SO 3 H)19-Gly20 and Phe24-Phe25. The pH dependence of the activity is shown in Figure 3 . Three different overlapping buffers were used. The maximum activity is observed between pH 9 and 10; 65% of the activity is retained at pH 11 while the abrupt decrease of the activity a pH below 7 underlines the importance of the His residue of the catalytic triad. The profile is comparable with that of subtilisin Carlsberg, BPNЈ and savinase (Markland and Smith, 1971 over a temperature range of 5-45°C. In the case of azocasein, the specific activity of the cold enzyme at 5°C is seven times higher than that of subtilisin Carlsberg taken as a reference, whereas at 25°C the subtilisin S39 is five times more efficient. The synthetic substrate is hydrolysed by the cold enzyme with a k cat twofold higher than that of mesophilic subtilisin, while K M is twofold less. The K M values increase slightly with the temperature. The kinetic parameters of the cold enzyme can also be compared with those of savinase, a subtilisin used as additive in detergent. In this case, the synthetic substrate used was Suc-AAPF-pNA; the k cat is 140 s -1 and the K M ϭ 950 µm (Egmond et al., 1994) .
Gene cloning, sequencing and protein modelling
The minimum size of the preprosubtilisin gene was estimated at 1600 bp, but during the subcloning of a 3300 bp fragment in two smaller fragments of approximately the same size, it was realized that both halves were able to express a proteolytic activity. The whole sequence of this 3300 bp is shown in Figure 4 along with the derived amino acid sequences. It demonstrates the presence of two independent genes coding each for a cold subtilisin. Indeed, the two open reading frames extend respectively from 152 to 1409 bp and from 1782 to 3038 bp.
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The promoter regions (-10 and -35 bp) and the ShineDalgarno sequences can be clearly identified along with the inverted sequences constituting the termination signals. The nucleotide sequences are very similar, as well as the derived amino acid sequences of subt1 and subt2 showing 92% of isology. Both gene sequences code for preproenzyme forms. When comparing the cleavage sites of other subtilisins (Simonen and Palva, 1993) , the presequences are 31 amino acids long; the cleavage site being -Ala31-Ala-. There is as usual little similarity with other presequences (Simonen and Palva, 1993) . The cleavage site of the propeptide has been localized from the determination of the N-terminal amino acid sequence of the native protein. The propeptide of subt1 is 80 amino acids long. This is comparable to the length of the propeptides of the subtilisin BPNЈ (75 residues) and subtilisin Carlsberg (76 residues) but there is also no apparent sequence isology between the propeptides of the mesophilic subtilisins. The mature protease derived from subt1 is 309 amino acids long, giving a molecular mass of 31 859. It is 34 amino acids longer than subtilisin Carlsberg. The amino acid sequence of subt2 is identical to that of subtilisin S41 (Davail et al., 1994) . The amino acid sequences of subt1 and subt2 differ drastically by the number of Tyr residues; 20 in the case of subt1, versus 11 in the case of subt2. The insertion sequences are, as in the case of subtilisin S41, localized in the loops connecting secondary structures ( Figure 5 ) whereas the 11 amino acid residues strictly conserved in all subtilases are also present (Siezen et al., 1991) . The strategy used in protein modelling is essentially that described for subtilisin S41; it takes advantage of the 52% sequence isology with subtilisin BPNЈ. Secondary structures as well as their amphipatic, hydrophobic and hydrophilic characters are also strictly preserved.
The analysis of the 3D model has been oriented towards the structural parameters possibly giving rise to an increase of the structure plasticity which supposedly is at the origin of the higher catalytic efficiency of the cold subtilisin. The hydrophobic clusters, salt bridges, aromatic interactions, proline content and affinity for Ca 2ϩ have been compared with those of mesophilic subtilisins. There is first no significant modification of the internal hydrophobic clusters but the surface of the protein is, when compared to that of mesophilic subtilisins, more hydrophilic essentially because the number of Asp residues is much larger (ϩ12), all localized at the surface of the protein. The Table II summarizes the parameters which could be involved in the adaptation. Clearly, the significant decrease in the number of salt bridges, aromatic interactions and in the affinity for calcium in site 1 contributes to weaken the cohesion of the structure. The disulfide bridge has no apparent stabilizing effect at least on the thermostability of the protein. As far as the Pro content is concerned, it should be noted that in the cold enzyme only eight are present among which seven are also strictly maintained in subtilisins from Bacillus Gram ϩ . One Pro is not conserved and replaced by a Phe (P210F, numbering as in BPNЈ). This substitution occurs in the loop preceding helix H6 which carries the active serine.
Site-directed mutagenesis
The best expression of the cold subtilisin gene in the mesophilic Bacillus was always recorded with the unmodified gene subt1 carrying its own promoter and signal sequences. The transformed plasmid pUB110 is rather stable in Bacillus and the production of the recombinant cold subtilisin reaches the level observed with the wild type strain. Using the promoter of subt1, the secretion of the protease is delayed up to the final step of the exponential phase which lasted about 36 h at 18°C. The production could however be amplified by adding, at that time, nutrients such as glucose (Wight et al., 1989) to reach a value of 25 mg enzyme per liter.
The following mutations were selected mostly with the aim to stabilize the three dimensional structure of the cold subtilisin: A181K and S210E to introduce an additional salt bridge equivalent to the salt bridge K170/E195 present in subtilisins BNPЈ and Carlsberg; H121W to restore the aromatic interaction F50/W113 stabilizing subtilisin Carlsberg (Mc Phalen et al., 1985) ; R68C and D106C to introduce a disulfide bridge similar to that (C67/C98) found in aqualysine (Takagi et al., 1990) ; T85D to exchange a poor for a very good Ca 2ϩ ligand in site 1 (Pantoliano et al., 1989) ; N136S to increase the specific activity of the subtilisins for macromolecular substrates (Bott et al., 1992) . The mutations designed to introduce the additional disulfide bridge have never given rise to an active enzyme. The Figure 6 shows the relative thermostability of the wild type cold enzyme, of its mutants and of mesophilic subtilisin at 25°C in the presence and absence of bovine serum albumin.
With the exception of the mutant H121W, all mutations significantly modify the thermostability of the cold enzyme as evaluated by the residual activity. The mutation N136S and that introducing the salt bridge A181K/S210E decrease the apparent enzyme thermostability. By contrast, a spectacular stabilizing effect is obtained with the mutation T85D-the residue involved in Ca 2ϩ coordination in site 1. Even at 50°C, the half life of this mutant is 60 min compared with 6 min for the wild type enzyme. As expected, the affinity of this mutant for Ca 2ϩ is drastically increased, reaching the values reported for mesophilic subtilisins (Figure 2) . The kinetic parameters of the mutated enzymes determined from the hydrolysis of synthetic and natural substrates at various temperatures are shown in Table III . One can observe that all the mutants have higher catalytic constants over the whole range of temperatures when compared with the wild type enzyme. The effects are particularly important when the macromolecular substrate azocasein is used. Taken together with the data related to the thermostability, it appears that one result is of particular interest also because it was largely unexpected. It concerns the mutant T85D which is much more stable than the wild type enzyme. It displays at 4°C a specific activity twofold that of the wild type cold enzyme and 20-fold that of subtilisin Carlsberg.
Discussion
This work was undertaken with the aim to enlighten the rules governing the adaptation to low temperatures of enzymes 
produced by psychrophilic microorganisms. The selected strain, the Antarctic Gram ϩ Bacillus TA39, displays the characteristics of a microorganism permanently adapted to cold. It does not grow at temperature higher than 25°C and shows, on the contrary, an optimal cell production at temperatures close to that of the natural environment. Two different genes coding for two subtilisins were detected in the microorganism. The gene subt2 is apparently not expressed in the culture conditions used, in contrast to what happens in the case of Bacillus TA41 (Davail et al., 1994) which expresses only subt2 significantly.
The protease constitutes about 40% (w/w) of the proteins excreted by the microorganism; it belongs to the family of subtilases differing from subtilisin Carlsberg and BPNЈ by an acidic isoelectric point, a higher molecular mass and a much 1276 lower affinity of site 1 for Ca 2ϩ . The enzyme also displays the usual characteristics of cold enzymes (Davail et al., 1994; Feller et al., 1994) i.e. a higher catalytic efficiency over a temperature range of 0-45°C and a higher thermosensitivity probably reflecting a more flexible structure than that of counterparts from mesophiles.
As far as the 3D structure of the enzyme is concerned, the analysis of the model built corroborates the conclusions already drawn by Davail et al. (1994) for subt2. The higher molecular mass of the cold enzyme corresponds to an increase in the length of the loops connecting elements of the secondary structure. This can confer more amplitude to the relative movements between the components of the secondary structure.
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The two columns corresponding to the relative specific activity refer to the activity measured using azocasein and two temperatures: 5°C and 25°C. They are expressed relatively to the activity of the wild type enzyme observed at 25°C and taken as 100.
Asp), when compared with subtilisin Carlsberg, are all located at the level of these loops, contributing to an increase in the interactions with the solvent. When compared with mesophilic subtilisins, the cohesion of the 3D structure appears significantly reduced through a decrease in the number of salt bridges, only two versus five in subtilisin BPNЈ, the disappearance of all aromatic interactions and the decrease by a factor close to 1000 of the affinity for Ca 2ϩ in site 1. The replacement of Pro210 by Phe in the cold enzyme in the loop preceding helix H6 carrying the active Ser, can also contribute to increase the amplitude of the possible movements of helix H6 with regards to other structural features. All these factors undoubtedly tend to increase the flexibility of the structure, conferring also to the substrate binding site an increased plasticity which could explain the better positioning of large substrates and to a lower extent of small substrates at low temperature. This is in accordance with what has been already found in the case of other cold extracellular enzymes (Davail et al., 1994; Feller et al., 1994) . The program of site-directed mutagenesis was therefore defined from the hypotheses deduced from the analysis of the 3D model. Four point mutations were indeed selected with the idea to increase the rigidity of the molecular edifice by restoring either a salt bridge or an aromatic interaction, by incorporating an additional disulfide bridge and by increasing the affinity of site 1 for calcium. The fifth mutation N136S was supposed to further increase the specific activity of the cold enzyme towards high molecular mass substrates by abolishing a hydrogen bond at the level of the substrate binding site. This could presumably provide more freedom to the loops located on both sides of the substrate binding site (Bott et al., 1992) . The mutations R68C and D106C were selected to introduce an additional disulfide bridge homologous to that (C67/C99) occurring in aqualysin (Takagi et al., 1990) . This mutation was unsuccessful possibly due to an anarchic rearrangement of the four cysteine containing mutant leading to an inactive and possibly aggregated product. Two mutations N136S (position 123 in subtilisin BPNЈ) and that corresponding to the new salt bridge A181K/ S210E, apparently lower the enzyme thermostability. The position 123 is part of a highly conserved region in all subtilisins; it also belongs to the substrate binding region. The mutation negatively affects the hydrogen bond network and, in particular, one bond between Ser 125/OG and Asn123. Therefore the decrease in thermostability was expected along with the increase in the specific activity of the enzyme which is moderate (Ϯ20%) and very similar for low and high molecular mass substrates. The specific activity of the mutant A181K/S210E is, on average, about twice as high as that of the wild type enzyme. It shows a net preference for high molecular mass substrates; its thermostability is however weaker than that of the wild type enzyme even in the presence of bovine serum albumin. Accentuated autolysis is possibly the factor involved. The replacement of H121W presumably restores an aromatic interaction (F50-W113) present in subtilisin Carlsberg. The mutation M50F in subtilisin BPNЈ, less thermostable than subtilisin Carlsberg, stabilizes the enzyme by about 0.5 kcal/mol (Pantoliano et al., 1989) . It also increases the specific activity by about 33% (Cunningham and Wells, 1987) . In the present case, the thermostability of the mutant H121W seems unaffected as well as the specific activity towards synthetic substrate. By contrast, the specific activity towards macromolecular substrate is increased by a factor of 2.5 inducing also probably a high sensitivity to autolysis ( Figure 6 ).
The most impressive stabilizing effect is recorded with the mutant T85D which increases the affinity of site 1 for calcium by a factor close to 1000. A decrease in the specific activity at low and moderate temperatures was expected based on the hypothesis according to which the rigidity of the molecular structure should be inversely related to the specific activity. However the specific activity of the mutant T85D is, depending on the temperature, between 1.7 and 3 times as high as that of the wild type enzyme. The efficiency of the mutated enzyme is particularly high for the low molecular weight substrate suc-FAAF-pNA. This result clearly indicates that the structural parameters involved in enzyme stability can be, at least to a certain extent, distinguished from structural parameters involved in enzyme activity.
It is clear that psychrophilic enzymes offer a particularly appropriate field of investigation for such relation. Indeed these enzymes, originating from Antarctic microorganisms, are subjected to a selective pressure mainly oriented towards the design of enzymes displaying an appropriate catalytic efficiency at low temperatures. The stability problem is of secondary importance since the low energy content of the environment allows to tolerate a certain instability of these enzymes at room temperature. The possibility therefore exists to increase the stability without affecting the high catalytic efficiency of the cold enzyme. The reason for the drastic increase in activity 1278 of the mutant T85D is unknown. An hypothesis is that the introduction of a charged residue can give rise to long distance electrostatic effects which could affect the catalysis. Such effects have been reported following protein engineering investigations carried out on subtilisin BPNЈ (Jackson and Fersht, 1993) .
The possibility of improving the stability without altering the specific activity is of particular interest in the use of cold enzymes for industrial applications. In most cases, indeed, a minimum stability of the enzyme is required not essentially towards the temperature factor but towards long time storage. The use of the wild type enzyme would be, despite its very good efficiency at low and moderate temperatures, precluded by its instability. The fact that the stability of this cold enzyme can be rendered adequate while further increasing the specific activity, will certainly contribute to broaden the interest of producers in enzymes originating from psychrophilic microorganisms. We indeed think that appropriate mutations could lead to similar modification of the stability of other cold enzymes belonging to different families.
